We report a series of quantum-chemical calculations for the ground and some of the low-lying excited states of an isolated LiYb molecule by the spin-orbit multistate complete active space second-order perturbation theory ͑SO-MS-CASPT2͒. Potential energy curves, spectroscopic constants, and transition dipole moments ͑TDMs͒ at both spin-free and spin-orbit levels are obtained. Large spin-orbit effects especially in the TDMs of the molecular states dissociating to Yb͑ 3 P 0,1,2 ͒ excited states are found. To ensure the reliability of our calculations, we test five types of incremental basis sets and study their effect on the equilibrium distance and dissociation energy of the ground state. We also compare CASPT2 and CCSD͑T͒ results for the ground state spectroscopic constants at the spin-free relativistic level. The discrepancies between the CASPT2 and CCSD͑T͒ results are only 0.01 Å in equilibrium bond distance ͑R e ͒ and 200 cm −1 in dissociation energy ͑D e ͒. Our CASPT2 calculation in the supermolecular state ͑R = 100 a.u.͒ with the largest basis set reproduces experimental atomic excitation energies within 3% error. Transition dipole moments of the super molecular state ͑R = 100 a.u.͒ dissociating to Li͑ 2 P͒ excited states are quite close to experimental atomic TDMs as compared to the Yb͑ 3 P͒ and Yb͑ 1 P͒ excited states. The information obtained from this work would be useful for ultracold photoassociation experiments on LiYb.
I. INTRODUCTION
Ultracold atomic quantum gases are very dilute systems ͑typically below 10 15 cm −3 ͒. Nevertheless, interatomic interactions determine many of the phenomena observed in Bose-Einstein condensation, [1] [2] [3] quantum degenerate Fermi gases, 4 and other correlated systems. Usually, only the shortrange isotropic contact interaction plays a role in quantum degenerate gases. However, recent developments in the manipulation of cold atoms and molecules are paving the way for the analysis of polar gases in which anisotropic longrange dipole-dipole interatomic interactions 5 are important. Indeed, experiments 6 on cooling and trapping of polar molecules as well as on photoassociation 7 and on Feshbach resonances 8, 9 in binary mixtures of ultracold atoms have opened up exciting possibilities. Many applications using polar molecules, which have large anisotropic interactions, have also been theoretically proposed. 10 To study such longrange interactions, an experiment is being planned for the production of ultracold polar molecules from ultracold lithium ͑Li͒ and ytterbium ͑Yb͒ atoms. 11 Among the species cooled so far to the ultracold regime, LiYb was chosen due to its large mass ratio ͑M Yb / M Li ϳ 29͒ among the constituent species. The most important advantage of LiYb is the existence of a spin degree of freedom in the ground molecular state, which enables it to be implemented as quantum simulator of lattice-spin models. 12 The experiment 13 on the simultaneous magneto-optical trapping of Li and Yb atoms for the production of ultracold LiYb molecule and collisional experiments are underway.
Photoassociation ͑PA͒ spectroscopy in ultracold atoms has become one of the most powerful tools for highresolution molecular spectroscopy. In PA spectroscopy, a pair of ultracold ground state atoms absorbs a photon and a molecule is created in a rovibrational level of an excited electronic state. Another photon transfers this rovibrational level of the excited state to the electronic ground state with v = 0, through stimulated emission. The photoassociation laser for this experiment is chosen in such a way that its frequency is detuned to the S-P transition. This transition typically occurs at large interatomic distances and the PA spectrum provides crucial information about long-range interactions in molecules and the collisional properties of atoms, which are difficult to obtain by other conventional spectroscopic experiments.
Preliminary theoretical studies based on quantum chemistry are very important to support the ongoing PA experiments. First and foremost contribution of the theory is to provide accurate and detailed potential energy curves ͑PECs͒ and transition dipole moments ͑TDMs͒ for the ground and low-lying excited states of LiYb at electronic levels. Based on the reliable PECs and TDMs, we could consider rovibra-tional or scattering wave functions further, which are more concrete and important to decide the type of laser for PA transition in experiments. Determination of the permanent dipole moment ͑PDM͒ of the ground ͑v=0͒ state is also an important requisite as an indicator of the strength of the dipolar interactions in these systems.
This There is experimental data on LiYb system using mass spectrometry, 14 but it only provides ground state spectroscopic constants and further work including information on the excited states are necessary. The spin-orbit ͑SO͒ effect, which is relativistic in origin, is also expected to be important especially for higher excited states, since Yb is a heavy element ͑atomic number 70͒. Hence, we adopted the complete active space second-order perturbation theory ͑CASPT2͒ method considering both spin-free ͑SF͒ and spinorbit relativistic effects using MOLCAS software. 15 This technique, SO-CASPT2, is nowadays widely applied and gives satisfactory results for small molecules with heavy elements. 16 To confirm the reliability of the CASPT2 method for LiYb, we first calculated the ground state spectroscopic constants by the CCSD͑T͒ method and compared with the CASPT2 results within the spin-free relativistic framework. We also investigated the basis set dependence of the spectroscopic constants of the ground state, using various sizes of relativistic correlation-consistent atomic natural orbital ͑RCC-ANO͒ basis sets. 17 As we discuss in Sec. III A, the largest RCC-ANO basis set is found to be important to describe the shallow potential curve of the ground state of LiYb. The difference between the CASPT2 and CCSD͑T͒ results in the spectroscopic constants is acceptably small with this largest basis set. Based on this result, we have calculated multielectronic states with the SO-CASPT2 method and proposed theoretical spectroscopic constants. Supermolecular calculations ͑R LiYb = 100 a.u.͒ by the SO-CASPT2 method reproduce experimental atomic excitation energies 18 of Yb and Li within 3%. We also computed and analyzed TDMs between the ground and the excited states as functions of nuclear distance at spin-free and spin-orbit level. PDM values of the ground state at the equilibrium nuclear distance both at spin-free and spin-orbit levels are also presented.
II. CALCULATION DETAILS
For all the calculations throughout this study, we employed MOLCAS 7.2 version code. 15 We used C 2v point group for symmetry considerations. Scalar relativistic effects are taken through the third order Douglas-Kroll-Hess ͑DKH͒ 19,20 transformation of the relativistic Hamiltonian. We have calculated the equilibrium bond distance ͑R e ͒ and dissociation energy ͑D e ͒ of the LiYb ground state using open-shell Møller-Plesset second order perturbation theory ͑MP2͒, 21 coupled cluster singles and doubles with partial triples ͑CCSD͑T͒͒, and CASPT2 methods to investigate how electron correlation is important for this system. In both open-shell MP2 and CCSD͑T͒ calculations, all the core electrons below Yb ͑4d͒ are frozen and hence the excitations are considered from Li 1s and 2s and Yb 5s, 5p, 4f, and 6s orbitals. For CASSCF and CASPT2, the CAS space is considered as all possible excitations of three electrons from/to eight space orbitals, which mainly belong to Li 2s and 2p and Yb 6s and 6p atomic orbitals. Frozen core orbital space in CASPT2 is same as the space of open-shell MP2 and CCSD͑T͒.
The all electron relativistic correlation consistent basis set ͑RCC-ANO͒ is used for the calculations. The Yb and Li basis sets are contracted from the primitives Yb͑25s22p15d11f4g2h͒ and Li͑14s9p4d3f1g͒. Basis set dependence in conjugation with basis set convergence are studied by employing five different basis sets as tabulated in Table I . We start with a triple zeta quality ͑Yb: 8s7p4d3f2g1h and Li: 5s4p2d1f͒ and increment them leading to the largest basis available in the basis set library. Throughout this paper, we will be pointing to the basis sets in numbers in ascending order. For Yb atom, all the symmetries ͑s, p, d, and f͒ except g and h are incremented step by step from basis 1 to 5. For Li atom, we have used two different kinds of basis: 5s4p2d1f ͑basis 1 to 3͒ and 8s7p4d2f ͑basis 4 to 5͒. The largest basis set in total has 255 basis functions. We also check basis set super position error ͑BSSE͒ using the counterpoise correction ͑CPC͒ method. For these calculations, spin-orbit effects are neglected. To obtain R e and D e , the ground state molecular potential curve is fitted with a third order polynomial using five points ͑0.05 a.u. spacing͒ around the equilibrium distance. Calculations of supermolecular system with 100 a.u. of Li-Yb bond distance are compared with atomic limit ͑Li atom +Yb atom ͒ calculations as a check of the size consistency of the correlation methods employed.
From the above methodological study on the ground state LiYb, we selected the largest contraction type of RCC-ANO as the most suitable basis set in this system. We em- 22 is used in CASPT2. We also used imaginary shift 23 ͑0.1 hartree͒ to remove the spikes from the CASPT2 potential energy curves. First-order spin-orbit effects are perturbatively considered using the DKH transformation with the atomic mean field integrals. 24 All the states obtained in the CASSCF/CASPT2 are taken into account for the spin-orbit interaction using the restricted active space state interaction ͑RASSI͒ method. We evaluated equilibrium bond distance ͑R e ͒, harmonic frequency ͑ e ͒, rotational constant ͑B e ͒, dissociation energy ͑D e and D 0 ͒, and transition energy ͑T e ͒ for the several low-lying states using the VIBROT program in MOLCAS. Starting from the near binding region ͑4.0 a.u.͒ to dissociation region ͑100 a.u.͒, we used a wide range of interatomic distances. Especially near the binding regions, 0.05 a.u. grid spacing is used to get accurate spectroscopic constants.
TDM and PDM calculations both at spin-free and spinorbit levels based on the above potential energy curves are computed from the CASSCF wave functions. To check the accuracy of the PDM value at the equilibrium internuclear distance, we computed PDM at CASPT2 and CCSD͑T͒ level of correlation invoking finite field perturbation theory ͑FFPT͒ with 0.0001 a.u. external field strength. at CCSD͑T͒, and 0.18 Å and 1300 cm −1 at CASPT2. In all the correlation methods, the R e and D e difference between basis 4 and 5 is much smaller than the corresponding difference between basis 1 and 2. At both CCSD͑T͒ and CASPT2 level of correlation, the difference in D e between basis 1 and 2 is about 700 cm −1 and it converges to 200 cm −1 for basis 4 and 5. At the same time, the convergence in R e is much steeper with 0.11 Å between basis 1 and 2 and 0.02 Å between basis 4 and 5. These results indicate that the calculations using basis 5 are almost converged to the basis set limit. When we compare with and without CPC data in Table  II , we can also understand how large the BSSE is in each method and basis set. BSSE is quite large in all the correlation calculations especially for smaller basis sets. For both CCSD͑T͒ and CASPT2 calculations using basis 1, the D e value without CPC is about twice larger than the one with CPC. However, using the biggest basis set ͑basis 5͒, the difference with and without CPC in D e value becomes quite small; about 60 cm −1 at CCSD͑T͒ and 110 cm −1 at CASPT2 level of calculations. Similar to D e value, the difference in R e value with and without CPC using the biggest basis is quite small ͑0.012 Å͒ in both CCSD͑T͒ and CASPT2 methods. From these results, we consider using basis 5 is important for At the open-shell MP2, and CCSD͑T͒ level, the value of D e of the supermolecule Li-Yb with 100 a.u. internuclear distance is almost same as that of atomic limit Li+ Yb because they are size-extensive methods. CASPT2 is known to provide almost size-consistent results. 25 Also in our CASPT2 calculations, the deviation between the atomic limit and supermolecule in the D e value is about 50 cm −1 and reasonably small. Although, CCSD͑T͒ is the most accurate method in this framework, it is not applicable for excited states of LiYb. Hence, instead of CCSD͑T͒, we chose CASPT2 for the description of the multielectronic states for further calculations, as a reliable alternative of CCSD͑T͒. Figures 1 and 2 represent the PECs of the LiYb ground and excited states at the spin-free and spin-orbit CASPT2 levels. In this calculation, we used basis 5 and neglected the BSSE effect since the corrections are negligible using basis 5, as shown in Sec. III A. For the spin-free level, we give term assignments for each PEC in Fig. 2 and here we explain the terms in Fig. 2 at the spin-orbit ⍀ level in detail. The molecular ground state ͑⍀ =1/ 2͒ dissociates to the atomic ground states of Li͑ 2 S 1/2 ͒ and Yb͑ 1 S 0 ͒. The lowest three molecular excited states ͑two ⍀ =1/ 2 and one ⍀ =3/ 2͒ dissociate to the Li͑ 2 P 1/2,3/2 ͒ +Yb͑ 1 S 0 ͒ level, which corresponds to the first excitation of Li atom. Next five ⍀ =1/ 2, three ⍀ =3/ 2, and one ⍀ =5/ 2 states dissociate to Li͑ 2 S 1/2 ͒ +Yb͑ 3 P 0,1,2 ͒ and highest two ⍀ =1/ 2 and one ⍀ =3/ 2 states dissociate to Li͑ 2 S 1/2 ͒ +Yb͑ 1 P 1 ͒. Thus there are, in total, ten ⍀ =1/ 2, five ⍀ =3/ 2, and one ⍀ =5/ 2 states at the spin-orbit level, which dissociate to the excitations of Li 2s-2p and Yb 6s-6p orbitals. Examining the spin-free and spin-orbit potential energy curves, we find the structure to be similar except for the states dissociating to Yb͑ 3 P͒ state, which shows more complicated levels due to spin-orbit effect. The corresponding spin-free and spin-orbit spectroscopic constants are tabulated in Tables III and IV The spectroscopic parameters for the four lowest states both at the spin-orbit and spin-free level are comparable and are attributed to weak spin-orbit effect from Li ͑ 2 P 1/2,3/2 ͒ and Yb͑ 1 S 0 ͒ channels. In Fig. 1 , the ground state shows a weaker bonding structure ͑larger R e and smaller D e ͒ than the excited states dissociating to the first excited states of Li atom. This tendency can be explained from singly occupied molecular orbital ͑SOMO͒ nature in each state. By examining the CASSCF MO, we found that the SOMO of the ground state is a weak antibonding orbital, mainly consisting of Yb ͑6s͒ and Yb ͑2s͒ atomic orbitals. Contrary, the SOMO of the excited states corresponding to 1 2 ⌸ and 2 2 ⌺ in spin-free notation are both nonbonding orbitals, consisting of only Yb ͑6px͒ and Li ͑2pz͒ atomic orbital, respectively. Since an antibonding orbital tends to expand compared to a nonbonding orbital, the trend of the SOMOs, we analyzed matches the potential energy curve characters.
III. RESULTS AND DISCUSSION

A. Methodological study of ground state LiYb molecule
B. Potential energy curves and spectroscopic constants of the SF-and SO-CASPT2 calculations
All the other excited states higher than the four lowest states have more complex structure. One striking example of complicated potential curve is the fourth excited ⍀ =1/ 2 state, which is showing a double minimum at the spin-orbit level. This effect is due to the strong coupling between the fourth and fifth 1/2 state arising from 3 2 ⌺ and 2 2 ⌸ states. This effect is seen as a change in the R e value with and without spin-orbit effects as R e = 3.641 Å ͑at the spin-free level͒, changing to R e = 3.128 Å and R e = 3.386 Å for the fourth and fifth 1/2 states. The second 3/2 state has similar spectroscopic constant as that of the 2 2 ⌸ state as expected. The higher states ͑the sixth and seventh 1/2 state, third 3/2 state, and first 5/2 state͒ all arise from 1 4 ⌸ spin-free state and hence have comparable spectroscopic constants. The fourth 3/2 state arising from 1 4 ⌺ spin-free state is also a shallow potential at spin-orbit level of calculation. All the other higher excited states leading to Li͑ 2 S 1/2 ͒ +Yb͑ 1 P 1 ͒ considered in the above calculation may not be accurate because we disregarded the excited states arising from excitations of 4f-5d and 6s-5d electrons which should lie below 1 P 1 of Yb atom.
TABLE III. Equilibrium bond distance R e , dissociation energy ͑D e and D 0 ͒, adiabatic excitation energy T e , harmonic frequency e , and rotational constant B e of the lowest nine energy levels by spin-free MS-CASPT2 calculation. A dense grid of 0.05 a.u. spacing around the equilibrium distance is used for fitting the potential curves. Supermolecular states with the bond length 100 a.u. are used to obtain dissociation energies. In Table V , excitation energies calculated at 100 a.u. bond distance are compared with the experimental atomic excitation energies as a check of the dissociation limits. Our asymptotic energy levels show a slight deviation from degeneracy; about 10 cm −1 for Li 2 P 3/2 , 50 cm −1 for Yb 3 P 1 , 250 cm −1 for Yb 3 P 2 , and 140 cm −1 for Yb 1 P 1 . These are artificial errors resulting from using lower symmetry ͑C 2v ͒ instead of real symmetry ͑C ϱv ͒ of the system. Errors from the experimental data 18 are also listed in Table V and they are reasonably small as follows. All the energy levels obtained by excitations from Li atom ͑three levels͒ are found to be accurate to 1.3% ͑200 cm −1 ͒. The 3 P 0,1,2 excited levels from Yb atom have a range of accuracies among the nine excited states from 0.22% to 2.9% ͑150 to 260 cm −1 ͒. The higher excited states with 1 P 1 dissociation limits ͑three excited states͒ are accurate to around 1% ͑140 cm −1 ͒. Figure 3 presents TDMs from the ground state ͑1 2 ⌺͒ to all the excited states as functions of nuclear distance at the spin-free level. All the transitions to 4 ⌺ and 4 ⌸ states do not appear as they are spin forbidden. In molecular binding regions, transitions to all the excited 2 ⌺ and 2 ⌸ states are nonzero, whereas in atomic regions, TDM matrix elements are nonzero only for the states dissociating to Li͑ 2 P͒ +Yb͑ 1 S͒ and Li͑ 2 S͒ +Yb͑ 1 P͒. This result is consistent with the atomic selection rules which forbid transitions from singlet to triplet states. Some of the TDM curves showed sudden jumps around 5.6 Å. This unsmooth structure in the TDM curve around R = 5.6 Å is due to change in the main component of the singly occupied molecular orbital from Yb ͑6s͒ to Yb ͑6pz͒.
MS-CASPT2 ͑⌳-S͒
C. Transition dipole moments from ground to excited states
In Figs. 4͑a͒-4͑c͒ , the spin-orbit TDM functions from the ground ͑⍀ =1/ 2͒ to excited states dissociating to Li͑ 2 P͒ +Yb͑ 1 S͒, Li͑ 2 S͒ +Yb͑ 3 P͒, and Li͑ 2 S͒ +Yb͑ 1 P͒ are represented, respectively. We also draw the corresponding spinfree TDM functions in gray color in Fig. 4 for reference. We only described the absolute values of ⍀ in each figure because we could not specify sign of ⍀ in the present analysis.
In Fig. 4͑a͒ , the second ⍀ =1/ 2 and first ⍀ =3/ 2 states correspond to the spin-orbit splitting of 1 2 ⌸ state, and the third ⍀ =1/ 2 state correspond to 2 2 ⌺ state. The similarity between the spin-free and spin-orbit curve is evident as expected from the analysis of the potential energy curves of these states. The spin-orbit TDM functions in Fig. 4͑b͒ is more complicated than the functions in Fig. 4͑a͒ . This complication arise due to the existence of quartet states in this dissociation limit ͓Li͑ 2 S͒ +Yb͑ 3 P͔͒. This in turn leads to a large number of states with nonzero TDM value via spin- orbit coupling. In Fig. 4͑b͒ , we have assigned ⍀ value only for major states with large value of TDMs, since the rest of states are too complicated to be analyzed. Although the TDM curves at the spin-free level ͑3 2 ⌺ and 2 2 ⌸͒ asymptotically goes to zero at the atomic limit, we find TDMs to be nonzero at spin-orbit level for the second ⍀ =3/ 2, fifth, and sixth ⍀ =1/ 2 TDM curves. These nonzero TDM functions at large internuclear distance arise because of the spin-orbit interaction between the 1 P 1 and 3 P 1 atomic components. In Fig.  4͑c͒ , the spin-free and spin-orbit curves are almost identical. However, TDM functions in Fig. 4͑c͒ 31 PDM of LiYb is found to be very small. Expecting a change in PDM at higher correlation levels for a small value like this, we computed PDM for LiYb system using higher level of correlation methods such as CASPT2 and CCSD͑T͒. The computed PDM at spin-free CASPT2 ͑Ϫ0.447 D at R e = 3.535 Å͒ and CCSD͑T͒ ͑Ϫ0.110 D at R e = 3.541 Å͒ levels by invoking FFPT turns out to be negative values in comparison with spin-free CASSCF level of calculation. However, the absolute PDM values are still very small and are of same order at different correlation levels.
IV. CONCLUSIONS
To assist the ongoing photoassociation experiments on LiYb system, we have computed the ground and several lowlying excited states using ab initio quasirelativistic molecular orbital method. Starting from the spin-free third-order DKH Hamiltonian, we first examined the convergence of ground state dissociation energy and equilibrium bond length with five different contracted basis sets in RCC-ANO series. With these incremental basis sets for open-shell MP2, CCSD͑T͒, and CASPT2, we found that the ground state dissociation energy converges with the increase in the basis set size. For the largest basis ͑basis 5͒, the CASPT2 and CCSD͑T͒ methods provided results that are reasonably close to each other in the ground state. Hence, the potential energy curves including excited states were generated using basis 5, including spin-free and spin-orbit effects at the CASPT2 level. The spectroscopic constants of the ground and excited states are also proposed at the spin-free and spin-orbit level. The accuracy of the excited states calculation was confirmed by find- FIG. 4 . Transition dipole moments from ground to excited states at spinorbit CASSCF level of calculation considering only the states dissociating to ͑a͒ Yb͑ 1 S͒ +Li͑ 2 P͒, ͑b͒ Li͑ 2 S͒ +Yb͑ 3 P͒, and ͑c͒ Li͑ 2 S͒ +Yb͑ 1 P͒ limits. Different ⍀ states are represented as follows: ͑full lines͒ ⍀ =1/ 2; and ͑dashed lines͒ ⍀ =3/ 2 states. The spin-free TDM curves ͑wide gray lines͒ dissocating to the corresponding limit is also added to the respective graph for comparison.
ing the dissociation channels and comparing them with experimental atomic energies. All the calculated energy levels corresponding to Li or Yb atomic excitations are found to be accurate with less than 3% error. Permanent dipole moment of the ground state ͑ϳ0.15 D͒ at the equilibrium internuclear distance is found to be small in magnitude. The small value of PDM in the ground state LiYb may not be advantageous for investigation of long range dipole-dipole forces. Apart from that, we analyzed transition dipole moment functions at both spin-free and spin-orbit levels. We obtained satisfying agreements of our calculated TDM values with available theoretical and experimental atomic results. The present TDM functions are important for further calculations of photoassociation intensities and spontaneous emission coefficients from/to the ground and excited electronic states considering rovibrational states. This work is underway and will be discussed in our future papers.
